The dissolution of a range of glass fibers including commercial glass and mineral wools has been studied using a modification of Gamble's solution in a flow system at pH 7.4 and 37°C. Dissolution has been followed by weight loss, effluent analysis, and morphology change of fibers and bulk glass. Flow per glass surface area can strongly affect both dissolution rate and morphology due to the effect of the dissolution process on the fluid. Effluent pH is shown to be a guide for choice of optimum flow/area conditions. These conditions provide measurable concentrations of dissolved glass in the effluent while maintaining their concentrations below the point at which they significantly affect the dissolution process. SiO2 and A1203 vary widely in the extent to which they are involved in the leaching process, which removes alkalis, alkaline earths, and B203. This makes analysis of a single component in the effluent unsuitable as a means of comparing the dissolution rates of a wide range of compositions. -Environ Health Perspect 102(Suppl 5): 87-90 (1994) 
Introduction
A number of workers have measured the dissolution rates of various glass fibers under in vitro conditions thought to simulate those of a fiber in the extracellular space of the lung (1-6). There is considerable variation both in the magnitude of the measured rates and in the relative ranking of the different compositions in terms of rate. These studies have used different modifications of Gamble's solution passing around the fibers at different flow rates and have used different analytical methods to measure the dissolution. This article addresses the effect of flow rate and analytical method on the measured dissolution rate. It shows that these can be significant sources of error in dissolution measurements and suggests means to eliminate such error by appropriate experimental design. In addition, it presents dissolution data on a number of previously unmeasured compositions and, from these data, expands our understanding of the compositional effects of dissolution rate and morphology. 
Experimental Methods
The compositions and select properties of the glass fibers used in this study are shown in Table 1 . Glasses are differentiated by reference to the recognized compositional ranges of commercial products (9) . Sample numbers with an "a" suffix are similar in composition but prepared differently. Samples tested as single fibers show the range of fiber diameter instead of the average diameter. To compare different glass types and to minimize the effects of different dissolution mechanisms, the dissolution rate constants, k, in Table 1 Although most previous dissolution studies have guarded against large changes in pH and a close approach to saturation, it has not been recognized previously how sensitive glass dissolution can be to small changes in these solution properties. Figure 1 shows an example of the effect of flow per fiber surface area on the dissolution rate constant and on the maximum pH developed during the dissolution process. The data are for two glasses close to the Bayer glass which are among the most sensitive to solution conditions. With increasing flow/area the maximum pH decreases sharply. The dissolution rate increases sharply, approaching a limiting value near 30 ml /m2/min, which is within experimental error the same as the value at near infinite dilution from the single-fiber tests. At the 30 ml /m2/min point the pH change is about 0.2. The trends shown in Figure 1 The point at 10,000 ml/m2 min is a single fiber test. ment).without significant effect on the dissolution process. It is not practical to generate data analogous to that for Figure 1 for every glass composition measured, but an empirical relationship has been developed that allows the optimum flow/area to be estimated from an initial estimate of the dissolution rate. Figure 2 shows the results of pH measurement for a wide variety of glass-and mineral wool fibers at different flow/area conditions. Each test is considered acceptable if the pH rise is less than 0. under different conditions. For example, samples 9 and 10 were tested at near infinite dilution in single-fiber tests and as blocks of glass exposed to flow/area conditions appropriate for glasses with moderate dissolution rate constants. The glasses did not exhibit any leached material in the single-fiber tests, but thick leached layers partially topped by a Ca-rich material were evident on the blocks. Constancy of dissolution rate far from saturation may be the primary indication of near infinite dissolution conditions for some compositions.
Analytical Methods
Given the correct flow/area conditions, there remains some question of what analytical methods should be used to measure dissolution rate. Most commonly, weight loss, effluent analysis, and diameter measurements are used alone or in combination. Mattson (10) has shown that these three methods can yield equivalent values of the dissolution rate constant for a range of fiber compositions under conditions of near infinite dilution. It is clear that the three should be used together when possible since they provide complementary information as well as a check on accuracy.
Effluent analysis is a particularly useful measure since it identifies the behavior of individual components. But because these components can behave differently in different glasses, a single component, such as silica, cannot be used as a general measure of the dissolution rates of a variety of glasses. This point is illustrated in Figure 3 , which shows for three glasses the effluent concentrations of selected oxides as a function of dissolution time. So that the data can be compared directly, the concentrations have been normalized to standard laboratory conditions (flow rate and initial surface area) and to their initial concentrations in the glasses. Silica participates to varying degrees in the leaching of the glass and the dissolution of the residual material. In compositions near glasswool, dissolution is close to congruent, and silica correlates to oxides traditionally identified as removed by leaching. In slagwool silica and alumina dissolve in a separate process from that of the alkaline earth oxides. In rockwool, dissolution is closest to congruent. The absence of leached layers on low alumina slagwools (not shown) indicates that they dissolve congruently.
Dissolution Mechanism
Traditional ideas of glass dissolution at near neutral pH involve leaching of alkali oxides governed by diffusion through the leached layer and much slower dissolution of the leached material. In the present and previous work (6) dissolution characteristics differ significantly from this.
Compositions near glasswool have shown much more extensive dissolution of silica, leaching rates dependent on the surface area of unaltered glass with no dependence on leached layer thickness, and variable rates of dissolution of the leached layer with cases approaching congruent dissolution. Slagwools show the greatest deviation from congruent dissolution. They also are characterized by the highest level of modifier components (alkali and alkaline earths), which are known to reduce the degree of polymerization of the silica network in the glass. A lower degree of polymerization may cause greater permeability of the glass to leaching of the modifier cations. The congruency of the rockwool dissolution was noted previously (2) and is consistent with data for other glasses with high alumina and a moderate level of modifier components.
Since slagwools dissolve in a manner closest to that thought traditional for glasses, the possibility of diffusion control in their dissolution was investigated for three samples: two in single fiber tests, in which both leaching rate and dissolution of the leached layer can be measured; one as a crushed sample, in which only the leached layer thickness can be measured. The results for these experiments are summarized in Figure 4 . For diffusion control with no dissolution of the leached layer, the leached layer thickness and the change in radius of the unaltered glass should be identical and should show a linear dependence against square root of time. Dissolution of the leached layer would cause the leached layer thickness to be increasingly less than the change in radius of the unaltered glass and would lead to some distortion from linearity for both curves. Dissolution data for sample la ( Figure 4A ) are consistent with diffusion control with some dissolution of the leached layer. Sample 3 ( Figure 4B ) has intermediate behavior. Diffusion control can be ruled out for sample 5a ( The data in Figure 4 suggest that aluminum has a stabilizing influence on the leached layer. Aluminum content of the slagwool samples in Figure 4 decreases from top to bottom. Leached layer stability clearly increases in the same order. This effect is substantiated by the absence of any leached material on the low alumina experimental slag compositions (Table 1 , samples 9 and 10).
Dissolution Rate
The rate data in Table 1 show that the basic character of the influence of each glass component established previously (6) is the same over a wide compositional range. Alumina and titanium oxide strongly decrease dissolution rate. Modifiers such as the oxides of calcium, magnesium and sodium increase dissolution rate by a roughly equal, moderate degree. Silica has a small negative effect. The influence of iron depends on its oxidation state and cannot be determined from the available data. Slagwools as a group dissolve more quickly than rockwools. Commercial glasswools dissolve at rates varying from a factor of two greater than rockwools to within the range of slagwools.
